Introduction {#s0005}
============

Cutaneous melanoma is the most aggressive form of skin cancer. Although accounting for only 5% to 10% of cases, more than 80% of skin cancer-related deaths are due to melanoma. Globally, close to 300,000 new cases of melanoma were diagnosed in 2018, and the incidence has been steadily increasing over the past several decades \[[@bb0005],[@bb0010]\]. When diagnosed early, surgical resection of primary tumors can be curative. However, once the tumor becomes metastatic, 5-year survival decreases rapidly to less than 20% for patients with stage IV disease \[[@bb0005]\]. Staging and prognosis of melanoma tumors are based on various measurements of tumor invasion, such as the tumor thickness, and depth (in mm) to which it has penetrated (formerly measured as the Breslow's depth), as well as the presence of regional lymph node metastases \[[@bb0015]\]. Recent advancements in the development and clinical use of targeted therapies like BRAF and immune checkpoint inhibitors have had success in extending patient survival. However, inherent or developed resistance still occurs in a large proportion of patients with metastatic disease, leaving many with limited treatment options \[[@bb0020],[@bb0025]\]. For this reason, there is a critical need to enhance understanding of the mechanisms that drive metastatic melanoma to inform the development of new targeted therapies or better apply existing therapies to the patients most likely to benefit from them.

MicroRNA (miRNA) are a class of small non-coding RNA that regulate gene expression at a post-transcriptional level. Expression of miRNAs is frequently altered in cancer, leading to broad changes in target mRNAs, and key signaling pathways. These changes in gene expression can promote phenotypes that contribute to cancer progression, metastasis, and resistance to therapy \[[@bb0030],[@bb0035]\]. Due to the relative abundance and often restricted expression patterns, many miRNAs can serve as biomarkers of cell-type and disease \[[@bb0035],[@bb0040]\]. Identifying miRNA that are downregulated in metastasis, termed metastasis-suppressor miRNA, has been an area of considerable interest \[[@bb0045], [@bb0050], [@bb0055], [@bb0060]\]. Defining miRNA associated with metastasis in melanoma could provide insights into the genes and pathways that drive metastatic progression, and potentially lead to the discovery of new therapeutic targets or biomarkers. However, many studies aiming to characterize metastasis-suppressor miRNAs have suffered major caveats, including sub-optimal detection methods, and failure to consider tissue- and cell-type-specific expression patterns. As a result, extensive research efforts have pursued miRNAs that are unlikely to have direct biological relevance in tumor types where they have been characterized.

In the current study, miRNA expression profiles from primary and metastatic melanoma tumors in The Cancer Genome Atlas (TCGA) Skin Cutaneous Melanoma (SKCM) project \[[@bb0065]\] were analyzed using traditional and emerging methodologies to identify candidate metastasis-suppressor miRNAs. We show that primary and metastatic melanoma tumors have complex and heterogeneous miRNA expression profiles, identifying a previously unreported subgroup of patients with expression of the chromosome 19 miRNA cluster (C19MC). We also demonstrate that conventional differential expression, and supervised machine learning methods are both vulnerable to spurious identification of metastasis-suppressor miRNA due to cell type-specific expression patterns in tissue-level profiles. These findings support greater consideration of stromal cell populations when seeking to identify and functionally characterize putative metastasis-associated miRNAs using tumor tissue samples.

Methods {#s0010}
=======

Datasets {#s0015}
--------

Accession numbers and sample information for the datasets used in this study are provided in [Table 1](#t0005){ref-type="table"}.Table 1Data sources and sample informationTable 1DatasetMethod/platformSamplesAccessionReferenceTCGA Level 3 SKCM miRNAseqIllumina HiSeq 200097 primary tumors\
350 metastatic tumorsBroad Institute GDAC Firehose portal\[[@bb0065]\]TCGA Level 3 SKCM RNAseqIllumina HiSeq 2000103 primary tumors\
367 metastatic tumorsBroad Institute GDAC Firehose portal\[[@bb0065]\]TCGA SKCM tumor purity scoresABSOLUTE439 primary and metastatic tumors-\[[@bb0070]\]Andrews et al. LM-MEL panel small RNAseqIllumina HiSeq 200057 patient-derived melanoma cell lines*GEO* GSE89438\[[@bb0075]\]Behren et al*.* LM-MEL panel mRNA arrayIllumina HumanHT-12 V4.0 microarray56 patient-derived melanoma cell lines*ArrayExpress*\
E-MTAB-1496\[[@bb0080]\]Boyle et al. miRNA arrayAgilent-016436 Human miRNA microarray 1.051 melanoma cell lines\
2 pools of normal melanocytes***GEO***\
**GSE25653**\[[@bb0085]\]Caramuta et al. miRNA arrayAligent-016434 Human miRNA Microarray 1.021 patient-derived melanoma cell lines\
3 normal melanocytes*GEO*\
GSE19387\[[@bb0090]\]microRNAome small RNAseqIllumina and AB SOLiD Systems NGS platforms2 melanoma cell lines\
5 normal melanocytes\
5 keratinocytes\
3 sebocytes\
19 normal skin tissue*NCBI BioProject database*\
PRJNA358331\[[@bb0095]\]Mizrahi et al. small RNAseqIllumina HiSeq 25003 pools of normal primary keratinocytes*GEO*\
GSE101192\[[@bb0100]\]

Data Preprocessing and Normalization {#s0020}
------------------------------------

### miRNA and RNA Sequencing {#s0025}

TCGA miRNAseq and RNAseq data were screened for batch effects and outliers, and normalized as previously described \[[@bb0065],[@bb0105]\]. Filtering was performed to retain miRNA expressed above the 90^th^ quantile of overall expression in at least one sample. The final dataset comprised of expression of 264 miRNA across 447 melanoma tumors (350 metastatic, 97 primary). The miRNA sequencing data from cell lines were processed and normalized in the same manner. All cell line datasets were analyzed separately due to potential differences between platforms and alignment pipelines.

### miRNA and mRNA Microarrays {#s0030}

Raw Agilent miRNA microarray data were processed using the R/Bioconductor package AgiMicroRna \[[@bb0110]\]. Data were normalized by scaling log-ratios to have the same median-absolute-deviation across arrays. Probes with detection *P*-values above a 0.05 threshold in all samples were discarded. Raw mRNA expression measured by microarray for LM-MEL cell lines was processed and normalized using the R/Bioconductor package limma \[[@bb0115]\], as previously described \[[@bb0075]\].

### Unsupervised Clustering {#s0035}

Hierarchical clustering was performed using normalized miRNA expression profiles after median-centering. Euclidean distance was used for rows (miRNAs) and Spearman correlation for columns (samples). Clustering of miRNA expression and xCell score correlations used Euclidean distance for both rows and columns. Average linkage was used in all cases.

### Differential miRNA Expression Analysis {#s0040}

Differences in miRNA expression between primary and metastatic tumors were evaluated using the Mann-Whitney *U* test, corrected for multiple testing using the Benjamini-Hochberg adjustment. Effect sizes were calculated using the formula$:r = \frac{Z}{\sqrt{N}}$ \[[@bb0120]\]. Z = Mann-Whitney U Z statistic, N = sample size.

### Feature Selection and Classification Using Supervised Machine Learning Algorithms {#s0045}

Feature selection was performed using the MATLAB 'sequentialfs' function \[[@bb0125]\], along with a custom script incorporating five different classification algorithms (linear support vector machine (SVM), linear discriminant analysis, decision trees, *k-*nearest neighbor, and an ensemble model of boosted classification trees). Briefly, data were partitioned for 10-fold cross-validation. Training data were used to train the model, and the feature selection criterion was computed as the overall accuracy of the predictions on the test set. Feature selection was repeated ten times, resulting in the selection of 50 feature sets. The ability of the selected miRNA features to discriminate between primary and metastatic tumors was verified using the Classification Learner App in MATLAB, running a collection of 23 classification algorithms to classify the tumors with 10-fold cross-validation. The quality of each classification model was assessed using confusion matrices, and a receiver operating characteristic (ROC) curve.

### Survival Analysis and Associations to Clinical Data {#s0050}

Kaplan-Meier survival analysis was performed using the observed survival interval (OSI), representing the time between tumor sample procurement and death or last follow-up. Patients were stratified into 'high' or 'low' groups based on median miRNA expression. Statistical significance between the survival curves was calculated using the log-rank test. Associations between miRNA expression and patient age and Breslow's depth were assessed using Spearman's correlation. Differences in expression of miRNA between groups with different clinical parameters were assessed using the Mann-Whitney *U* test for two groups, or the Kruskal-Wallis H test for three or more groups.

### Cell-Type Enrichment Analysis {#s0055}

Tumor purity estimates produced using ABSOLUTE \[[@bb0130]\] were plotted for the SKCM tumors. RNAseq gene expression from tumors was used to assess the enrichment of 64 immune and stromal cell types using the xCell webtool ([http://xCell.ucsf.edu/](http://xcell.ucsf.edu/)){#ir0005}) \[[@bb0135]\]. Cell enrichment scores were computed and compared between primary and metastatic tumor samples. Significant differences were determined using the Mann-Whitney *U* test. The association between miRNA expression and cell-type enrichment scores was assessed using Spearman's correlation. Associations between stromal-enriched miRNA and expression of cell-type specific markers (Keratinocytes: KRT1, KRT5, KRT14, CASP14, IVL, LOR; Melanocytes: DCT, GPNMB, TYRP1, TYR, MLANA, MITF; Immune cells: CD14, CD3E, CD3D, CD19, CD22) were assessed using Spearman's correlation (Supplemental File 2), and visualized in clustered heatmaps.

### Distinguishing Cutaneous Stromal-Enriched miRNA {#s0060}

Candidate metastasis-suppressor miRNA were defined as those that demonstrated a significant loss of expression between primary and metastatic tumors, identified in differential expression and feature selection analyses. Cutaneous stromal-enriched miRNAs were identified as candidate metastasis-suppressor miRNA that were significantly positively correlated (*rho ≥* 0.3) with the enrichment scores for the cell types most overrepresented in primary tumors (Supplemental File 1). These were further refined to the miRNA expressed at \>0.1% of total miRNA reads in keratinocytes and/or sebocytes, and expressed at \<0.1% of total miRNA reads in both melanoma and normal melanocyte cell lines. Average expression across samples within the same dataset was considered (Table S1). Six miRNA met these criteria and were defined as cutaneous stromal-enriched (miR-205, miR-203, miR-200a-c, miR-141), and were filtered before repeating feature selection and classification analyses

### Statistical Analysis Software {#s0065}

Data processing, visualization, and statistical analysis of gene expression datasets were performed using the Statistics and Machine Learning Toolbox and custom scripts in MATLAB R2016b (Mathworks Inc.), and R version 3.6.3 \[[@bb0140]\]. Statistical and survival analysis of clinical data was carried out using IBM SPSS Statistics, version 24 (IBM Corp).

Results {#s0070}
=======

TCGA-SKCM Primary and Metastatic Melanoma Patient Characteristics {#s0075}
-----------------------------------------------------------------

The TCGA SKCM project is the largest publicly available melanoma tumor cohort \[[@bb0065]\]. The inclusion of both primary and metastatic tumors provides a unique opportunity for comparison. Here, patients were grouped based on the primary or metastatic status of their tumors (N = 97 and N = 350, respectively). A significant difference of 7.7 years in mean age was detected between patients with primary and metastatic disease ([Table 2](#t0010){ref-type="table"}; 95% CI, 4.2-11.2, *P* \< .001), and both groups had more males than females (73% and 60%, respectively). A significant difference in Breslow's depth was also observed (primary: 11.9 mm; metastatic: 3.4 mm, *P* \< .001). This mean depth of local tumor invasion at the primary tumor site suggests that some tumors may have already been invasive at the time of resection.Table 2Patient information for primary and metastatic groups within the SKCM cohort\*Table 2SamplesN[†](#tf0010){ref-type="table-fn"}Age[⁎](#tf0005){ref-type="table-fn"}Sex (male:female)Breslow's Depth[⁎](#tf0005){ref-type="table-fn"}^,\#^ (mm)Primary9764 ± 13.956:4111.9 ± 13.2Metastatic34957 ± 15.7218:1313.4 ± 4.7[^1][^2]

Unsupervised Clustering Reveals Subsets of Patients with Unique miRNA Expression Profiles {#s0080}
-----------------------------------------------------------------------------------------

Hierarchical clustering of tumor miRNA expression profiles resulted in the formation of complex nodes, and separation of primary and metastatic samples were highly heterogeneous ([Figure 1](#f0005){ref-type="fig"}*A*). However, two miRNA nodes with starkly variable expression patterns were observed ([Figure 1](#f0005){ref-type="fig"}*A*, nodes 1 and 2). Spearman correlation coefficients between all miRNA were ordered according to genomic location, revealing that the miRNA identified in nodes 1 and 2 were spatially related in the genome. A third large spatially-related group with more variable co-expression was also observed ([Figure 1](#f0005){ref-type="fig"}*B*). Indeed, all of the miRNA identified in node 1 mapped to the chromosome 19 miRNA cluster (C19MC) made up 46 genes ([Figure 1](#f0005){ref-type="fig"}*C*). Acquired expression of C19MC has been reported in other cancers \[[@bb0145],[@bb0150]\], but this constitutes a novel finding in melanoma. The miRNAs in node 2 were made up of 14 genes in the miR-506/514 gene cluster, located on the X chromosome ([Figure 1](#f0005){ref-type="fig"}*C*). The miR-506/514 miRNA have been shown to promote a malignant phenotype in melanoma \[[@bb0155]\]. The third group of co-expressed miRNA in the correlation matrix corresponded to the chromosome 14 miRNA cluster (C14MC) but were mostly of low-abundance in the tumors. Despite identifying subgroups with unique miRNA expression profiles, hierarchical clustering was driven mainly by large, co-expressed miRNA gene clusters, and failed to resolve primary and metastatic tumors. To identify miRNA specifically associated with metastasis, additional methods were employed.Figure 1**Unsupervised clustering identifies subgroups of patients with unique miRNA expression patterns.** (**A**) Hierarchical clustering of median-centered, normalized, and filtered miRNA expression. Columns represent patients, and rows represent miRNA. Metastatic samples are marked in pink, primary samples in blue. Two miRNA clusters of interest highlighted with black bars, 1 and 2. (**B**) Spearman rho correlation matrix for miRNA ordered by genomic location (top-bottom on the y-axis, left to right on the x-axis). Clusters 1 and 2 from (A) shown. (**C**) Schematics of the C19MC and mi-5045/514 miRNA clusters located on chromosome 19 and the X chromosome.Figure 1

Differential Expression and Feature Selection Analyses Identify Metastasis-Associated miRNA in Melanoma Tumors {#s0085}
--------------------------------------------------------------------------------------------------------------

Differential expression analysis identified 90 miRNA significantly altered between primary and metastatic tumors (*P* \< .05) ([Table 3](#t0015){ref-type="table"}, Table S1). These included several frequently identified and highly studied melanoma- and metastasis-associated miRNAs that were highly downregulated in metastases (miR-205, miR-203, miR-200a-c, and miR-141) \[[@bb0050], [@bb0055], [@bb0060],[@bb0160], [@bb0165], [@bb0170], [@bb0175], [@bb0180], [@bb0185], [@bb0190], [@bb0195]\]. Although many differences were highly statistically significant, the effect sizes were relatively small ([Table 3](#t0015){ref-type="table"}). Hierarchical clustering using the differentially expressed miRNA improved the separation of primary and metastatic samples compared to total miRNA profiles, resolving a subset of primary tumors largely defined by expression of miR-205, miR-203, and the miR-200 family. However, clustering of classes remained heterogeneous ([Figure 2](#f0010){ref-type="fig"}*A*). Differential expression of the miR-506/514 miRNA cluster was detected between primary and metastatic samples. However, expression of C19MC was not significantly altered between groups, which may contribute to the absence of reports in the literature.Table 3Significantly differentially expressed miRNA between primary and metastatic tumorsTable 3miRNALog2 fold-changeFDR-adj *P*-valueabs(r)[⁎](#tf0015){ref-type="table-fn"}mir-205-8.659.79E-300.56mir-203-4.985.21E-210.47mir-200b-2.278.12E-190.44mir-200c-2.655.82E-180.43mir-200a-2.356.55E-180.43mir-141-2.641.75E-140.38mir-224-1.307.82E-100.32mir-6751.544.05E-090.30mir-2151.156.81E-070.26mir-6250.644.29E-060.25mir-153-21.641.32E-050.24mir-1274b1.092.06E-050.23mir-206-2.435.35E-050.22mir-29c0.797.50E-050.22mir-452-0.767.50E-050.22mir-218-20.608.50E-050.21mir-508-1.858.50E-050.21mir-514-1-1.958.50E-050.21mir-514-2-1.908.50E-050.21mir-514-3-1.958.50E-050.21[^3]Figure 2**Differential expression analysis and feature selection identify metastasis-associated miRNA in primary and metastatic melanoma tumors.** (**A**) Unsupervised hierarchical clustering of all primary and metastatic samples using the 90 significantly differentially expressed miRNA. Columns (samples) were clusters using Spearman's rank correlation, and rows (miRNA) were clustered using Euclidean distance, with average linkage. Metastatic tumors are shown in pink, and primary tumors, in blue. (**B**) Top 20% of miRNA features selected with the highest frequency. The y-axis shows the number of feature subsets a miRNA appeared in, out of a possible 50. (**C**) Hierarchical clustering of all primary and metastatic samples using only 24 miRNA identified in the top 20% of selected features. All parameters the same as previously stated. (**D**) Confusion matrices the Ensemble RUSBoosted decision tree classifier constructed using the miRNA identified in the top 20% of feature selection. (**E**) ROC curve for the Ensemble model with the current classifier indicating the prediction of primary tumors.Figure 2

To further define miRNA that could discriminate primary and metastatic tumors, ten rounds of sequential feature selection were performed, and the top 20% of features with the highest selection frequency were considered ([Figure 2](#f0010){ref-type="fig"}*B*). Of these 24 miRNA, 14 were significantly differential between primary and metastatic tumors, as well as 10 additional miRNAs not identified in the previous analysis ([Table 4](#t0020){ref-type="table"}). Of the differentially expressed miRNAs, miR-205 and miR-203 were the most stable discriminating features with the highest selection frequency. Interestingly, members of the miR-200 family that have been associated with melanoma metastasis were not identified \[[@bb0050],[@bb0060],[@bb0160],[@bb0175],[@bb0200]\]. Furthermore, two miRNA from the miR-506/514 cluster (miR-514-2 and miR-513c), and miR-517c from the C19MC cluster were selected as discriminating features. Hierarchical clustering using the 24 selected features improved the separation of primary and metastatic samples slightly compared to clustering using the differentially expressed miRNA ([Figure 2](#f0010){ref-type="fig"}*C*). However, the dimensionality was greatly reduced (24 miRNA compared to 90 for differential expression analysis).Table 4The top 20% of miRNA identified during feature selection to classify primary and metastatic tumorsTable 4Identified by differential expression and feature selectionIdentified by feature selection onlymiRNALog2 fold-changemiRNALog2 fold-changemir-205-8.65mir-1550.33mir-203-4.98mir-34a-0.29mir-2151.15mir-517c1.27mir-130b0.26let-7c-0.03mir-127-0.50mir-103-1-0.14mir-379-0.44mir-13231.01mir-514-2-1.90mir-23a-0.03mir-12470.47mir-26b0.04mir-125b-20.29mir-280.11mir-218-20.60mir-381-0.36mir-29c0.79mir-3130-10.94mir-412-1.75mir-513c-2.31

Next, classification analysis was used to validate the ability of the 24 miRNA identified by feature selection to discriminate primary and metastatic tumors. An ensemble decision tree model using the RUSBoost algorithm (appropriate for class imbalance) \[[@bb0205]\] performed the best at predicting tumor class, with an overall prediction accuracy of 86.6% and a specificity of 88% (true negatives). However, the sensitivity was only 80% (true positives), giving the model an overall precision of 66% (the proportion of results that are true positives; [Figure 2](#f0010){ref-type="fig"}*D*). Plotting the rate of true positives against the rate of false positives produced a ROC curve with an AUC = 0.93 ([Figure 2](#f0010){ref-type="fig"}*E*). Notwithstanding acceptable overall performance and classification of metastatic tumors, 20% of primary tumors were misclassified. Despite this, these analyses confirmed that the miRNA identified by feature selection could discriminate a large proportion of primary tumors from metastases.

Cutaneous Epithelial Cell-Types Are Enriched in Primary Melanoma Tumors {#s0090}
-----------------------------------------------------------------------

To further examine the candidate metastasis-suppressor miRNA identified by differential expression and feature selection (defined as those miRNAs downregulated between primary and metastatic tumors), Kaplan-Meier survival analysis was performed to assess patient survival in relation to miRNA expression. Interestingly, no significant differences in survival curves were identified for patients with high or low expression of miR-205, or miR-203 (miR-205 *P* = .805; miR-203 *P* = .265) (Figure S1, *A* and *B*), despite being the most differential miRNA between primary and metastatic tumors, and the most stable discriminating features. In addition, no differences in survival were detected for miR-200a, miR-200b, miR-200c, or miR-141 that were also highly differentially expressed in primary and metastatic tumors (data not shown). Visualizing miR-205 expression in primary and metastatic tumors revealed that a surprisingly large number had no expression of the miRNA ([Figure 3](#f0015){ref-type="fig"}*A*), raising questions as to the source of expression.Figure 3**Cutaneous epithelial cell-types are enriched in primary SKCM melanoma tumors.** (**A**) Scatter plot visualizing expression of hsa-miR-205 in primary (blue), and metastatic (purple) SKCM tumors. (**B**) Violin plot of ABSOLUTE purity estimations for the SKCM tumors. (**C**) Average xCell cell enrichment scores for primary and metastatic SKCM tumors derived from RNA-seq gene expression quantification. Largest enrichments in primary tumors are: sebocytes, keratinocytes, and epithelial cells (*P* \< .001, Mann Whitney U). (D) xCell enrichment scores for keratinocytes, sebocytes, epithelial cells, and melanocytes across all SKCM tumors.Figure 3

To assess the possible sources of miRNA expression in the SKCM tumors, tumor purity was calculated using the ABSOLUTE method \[[@bb0130]\] across the cohort. The median tumor purity was 0.71 (71%), with a range of 0.1-1.0 ([Figure 3](#f0015){ref-type="fig"}*B*). To better understand the cellular composition of the tumors, xCell cell-type enrichment analysis was also performed using RNAseq data \[[@bb0135]\]. Cell-types enriched in primary tumors were considered as potential correlates with the apparent downregulation of miRNA upon metastasis. The largest differences identified were sebocytes, keratinocytes, and epithelial cell signatures (*P* \< .001). Interestingly, a decrease in melanocyte-specific expression signatures was also observed between primary and metastatic tumors. This suggests that the metastatic tumors may have a greater proportion of infiltrating stromal cells, and supports the notion that metastasis is accompanied by a loss of melanocyte differentiation ([Figure 3](#f0015){ref-type="fig"}*C*) \[[@bb0200]\]. Visualizing the enrichment scores for the primary tumor-enriched cutaneous epithelial cell-types across all samples, it was noted that these signatures were not present in all primary tumors ([Figure 3](#f0015){ref-type="fig"}*D***)**. However, the proportion of primary tumors with enrichments was likely sufficient to influence differential and classification-based analyses of miRNA expression.

Candidate Metastasis-Suppressor miRNAs Are Associated with Enrichment of Stromal Cell-Type-Specific Gene Expression Signatures in SKCM Tumors {#s0095}
---------------------------------------------------------------------------------------------------------------------------------------------

To examine the potential influence of stromal cell types on the identification of metastasis-suppressor miRNA in the SKCM tumors, Spearman correlations between expression of candidate metastasis-suppressor miRNA and cell-type enrichment scores were computed (File S1). Hierarchical clustering of *rho* values revealed subsets of miRNA correlated with enrichment of stromal cell and melanocyte signatures ([Figure 4](#f0020){ref-type="fig"}*A*). The miRNA most positively correlated with melanocyte signatures were miR-211 and members of the miR-506/514 miRNA cluster, which were significantly downregulated in metastatic tumors. However, miR-205, miR-203, and the miR-200 family were most positively correlated with the cutaneous epithelial cell-types enriched in the primary tumors ([Figure 4](#f0020){ref-type="fig"}*A*, [Table 5](#t0025){ref-type="table"}).Figure 4**Expression of candidate metastasis-suppressor miRNA is associated with enrichment of stromal cell-type-specific gene expression signatures.** (**A**) Hierarchical clustering of the Spearman's rank correlation coefficient between miRNA significantly downregulated between primary and metastatic SKCM tumors, and xCell cell enrichment scores. Euclidean distance and average linkage used. Correlations between all miRNA and xCell scores provided in Supplemental File 1 (**B**) Heatmap of Spearman's rank correlation coefficients between miRNA and mRNA expressed in the SKCM tumors. Purple: genes expressed in keratinocytes; grey: melanocytes; yellow: ubiquitous. (**C**) Heatmap of Spearman's rank correlation coefficients between epithelial-enriched and melanocyte-enriched miRNA, MITF, and EMT transcription factors expressed in the SKCM tumors. Corresponding *P-*values for all correlations provided in Supplemental File 2.Figure 4Table 5miRNA positively correlated with the cell-types most enriched in primary SKCM tumorsTable 5MelanocytesSebocytesKeratinocytesEpithelial cellsmiRNArhoFDRpvalmiRNArhoFDRpvalmiRNArhoFDRpvalmiRNArhoFDRpvalhsa-mir-2110.811.91E-102hsa-mir-2050.501.51E-26hsa-mir-2050.491.82E-25hsa-mir-200c0.482.37E-24hsa-mir-514-30.511.18E-28hsa-mir-200c0.498.39E-26hsa-mir-200c0.481.80E-24hsa-mir-1410.413.15E-17hsa-mir-514-20.511.18E-28hsa-mir-200a0.471.80E-23hsa-mir-200a0.481.80E-24hsa-mir-200a0.414.17E-17hsa-mir-514-10.511.18E-28hsa-mir-200b0.461.02E-22hsa-mir-200b0.471.63E-23hsa-mir-200b0.409.62E-17hsa-mir-5080.511.63E-28hsa-mir-2030.461.04E-22hsa-mir-2030.449.61E-21hsa-mir-2030.361.37E-12hsa-mir-509-30.493.15E-26hsa-mir-1410.462.01E-22hsa-mir-1410.434.43E-20hsa-mir-1830.356.96E-12hsa-mir-509-20.488.01E-26hsa-mir-2240.341.67E-11hsa-mir-2240.351.50E-12hsa-mir-4520.349.10E-12hsa-mir-509-10.488.80E-26hsa-mir-4520.323.66E-10hsa-mir-4520.331.02E-10hsa-mir-2050.331.33E-10hsa-mir-5060.455.14E-22hsa-mir-310.311.34E-09hsa-mir-2240.311.17E-09hsa-mir-513c0.421.40E-18hsa-mir-1870.402.22E-17hsa-mir-514b0.381.20E-15

To further confirm these associations, we selected specific markers of keratinocytes (KRT1, KRT5, KRT14, IVL, CASP14, LOR \[[@bb0210]\]), and melanocytes (DCT, GPNMB, TYRP1, TYR, MLANA, and MITF \[[@bb0215]\]), and their expression validated in both the SKCM tumors and in the Ludwig Melbourne melanoma (LM-MEL) cell line panel comprised of 57 melanoma cell lines with a range of invasive phenotypes (Table S2, Figures S2-S4) \[[@bb0080]\]. Expression of the keratinocyte markers were undetectable in any melanoma cell lines, and all had significantly higher expression in primary SKCM tumors compared to metastatic (*P* \< .001) (Figures S4). Next, we computed Spearman correlations between expression of the cell-specific markers and the cutaneous epithelial cell-enriched miRNA (miR-205, miR-203, and the miR-200 family \[[@bb0220], [@bb0225], [@bb0230], [@bb0235], [@bb0240]\]), melanocyte-enriched miR-211 \[[@bb0245]\], and ubiquitously expressed miR-21 in the SKCM tumors. The melanocyte markers were most positively correlated with expression of miR-211, while miR-205, miR-203, and the miR-200 family were most positively correlated with the keratinocyte markers, with no clear association to the melanocyte-specific genes. The ubiquitously expressed miR-21 was not appreciably correlated with markers for either cell type ([Figure 4](#f0020){ref-type="fig"}*B*).

The candidate metastasis-suppressor miRNAs miR-205, miR-203, and the miR-200 family are known to regulate epithelial-to-mesenchymal transition (EMT) and epithelial differentiation \[[@bb0220], [@bb0225], [@bb0230], [@bb0235], [@bb0240]\]. However, melanocytes are derived from the neural crest, and microphthalmia-associated transcription factor (MITF) is critical for driving lineage-specific transcriptional programs in melanocytes \[[@bb0250],[@bb0255]\] that includes expression of miR-211 \[[@bb0245]\]. In normal melanocytes, EMT transcription factors SNAI2 and ZEB2 drive MITF-dependent melanocyte differentiation. Upon oncogenic transformation, a switch occurs whereby TWIST1 and ZEB1 are activated, resulting in a loss of E-cadherin and repression of differentiation \[[@bb0200]\]. In the SKCM tumors, expression of SNAI2 and CDH1 were elevated in primary tumors, while ZEB1 and CDH2 were elevated in metastatic tumors. Expression of TWIST1 and ZEB2 were more variable (Figure S5A-F). Expression of miR-211 and MITF were positively correlated with CDH1, ZEB2, and SNAI2, and negatively correlated with CDH2, TWIST1, and ZEB1 ([Figure 4](#f0020){ref-type="fig"}*C*). Furthermore, miR-205, miR-203, and the miR-200 family had weaker, and inconsistent associations with expression of the EMT transcription factors. However, all were negatively correlated with expression of ZEB2 \[[@bb0200]\]. Together, these findings suggest that expression of miRNAs that are enriched in populations of cutaneous epithelial cells, including keratinocytes and sebocytes, contribute to the identification of miRNA as putative metastasis-suppressors from tissue-level miRNA expression profiles. Therefore, any functional role of these miRNA in regulating EMT in melanoma may differ from what is understood for epithelial cells.

Tumor-Identified Metastasis-Suppressor miRNA Enriched in Cutaneous Epithelial Cells are Poorly Expressed in Melanoma Cell Lines {#s0100}
-------------------------------------------------------------------------------------------------------------------------------

In light of the strong associations between a number of the candidate metastasis-suppressor miRNA and enrichments in stromal cell gene expression signatures in the SKCM tumors, further investigation into the sources of miRNA expression was warranted. To examine this, expression of the cutaneous epithelial cell-enriched miRNA (miR-205, miR-203, and the miR-200 family), along with melanocyte-associated miR-211 was surveyed in small RNAseq miRNA expression data from the LM-MEL cell line panel \[[@bb0075]\]. Only miR-200b exceeded 0.2% of total miRNA in three of 57 cell lines. Sparse expression of the other cutaneous epithelial cell-enriched miRNA, when detected, reached only 0.01-0.2% of the total miRNA reads. Conversely, miR-211 was expressed at level beyond 1% of total reads in many of the cell lines, consistent with having a functional role in melanoma ([Figure 5](#f0025){ref-type="fig"}*A*). To investigate these expression patterns, two additional melanoma cell line panels were examined. In a panel of 51 cell lines derived from both primary and metastatic tumors, expression of the miR-200 family was found to be very low or absent in all samples, while miR-205 and miR-203 did not meet minimal detection thresholds (Figure S6). An additional panel of 21 patient-derived melanoma cell lines followed the same pattern, with only miR-141/miR-200c exhibiting expression in one sample (Figure S7). Furthermore, none of the cutaneous epithelial cell-enriched miRNA were detected in the five normal melanocyte samples included in these datasets. Small RNAseq data harmonized by the microRNAome project \[[@bb0095]\] also revealed high levels of miR-205, miR-203, and the miR-200 family expressed in keratinocytes, sebocytes, and normal skin tissue samples, but absent in normal melanocytes and melanoma cell lines (A375, A2058) ([Figure 5](#f0025){ref-type="fig"}*B*). Interestingly, skin samples from the dermis had lower expression of the cutaneous epithelial cell-enriched miRNA as compared to the epidermis, which may account for reports of downregulation with increased thickness of primary tumors.Figure 5**Tumor-identified metastasis-suppressor miRNA enriched in keratinocytes are poorly expressed in melanoma cell lines.** (**A**) Relative expression of the miR-200 family, miR-205, and miR-203, and melanocyte-enriched miR-211 in a panel of 57 patient-derived melanoma cell lines (LM-MEL, \[[@bb0075]\]). (**B**) Hierarchical clustering of hsa-miR-205, hsa-miR-203, and the hsa-miR-200 family expression in melanoma cell lines (A375 and A2058), normal melanocytes, keratinocytes, sebocytes, and normal skin tissue samples included in the microRNAome project \[[@bb0095]\]. (**C**) Heatmap of Spearman's rank correlation coefficients between miRNA expressed in melanoma cell lines, MITF, and EMT transcription factors expressed in the LM-MEL cell line panel. Corresponding *p-*values for all correlations provided in Supplemental File 2.Figure 5

Finally, expression of miR-211 in the LM-MEL cell line panel was found to be highly positively correlated with MITF, SNAI2, CDH1, and ZEB2, and negatively correlated with CDH2 and ZEB1 ([Figure 5](#f0025){ref-type="fig"}*C*, Figure S5G), consistent with its known functional role in maintaining melanocyte differentiation and suppressing EMT-like processes driving phenotypic plasticity \[[@bb0085],[@bb0200],[@bb0245]\]. Together, these findings suggest that the highly altered expression patterns of miR-205, miR-203, and the miR-200 family detected in the TCGA SKCM cohort are likely not derived from tumor cell-intrinsic changes in miRNA expression.

miRNA-Based Classification of Primary and Metastatic Melanoma Tumors Depends Largely on miRNA Highly Expressed in the Primary Tumor Stroma {#s0105}
------------------------------------------------------------------------------------------------------------------------------------------

In light of the expression patterns observed in cell lines, feature selection and classification analyses were repeated to examine the influence of the cutaneous epithelial cell-enriched miRNA on discrimination of primary and metastatic tumors. After filtering of cutaneous stromal-enriched miRNA ([Table 6](#t0030){ref-type="table"}), 16 miRNA were among the top 20% with the highest selection frequency ([Figure 6](#f0030){ref-type="fig"}*A*). Nine were differentially expressed between primary and metastatic tumors, while an additional seven were not ([Table 7](#t0035){ref-type="table"}). Only three miRNA (miR-215, miR-218-2, and miR-29c) overlapped with the first feature selection, suggesting that most others were identified due to interaction with one or more of the cutaneous stromal-enriched miRNAs removed. Classification analysis was repeated using the 16 features, and a Medium Gaussian Support Vector Machine (SVM) model predicted primary and metastatic classes with the highest overall accuracy of 85.7%. The specificity and sensitivity of this model were 98% and 42%, respectively. The overall precision was 84% ([Figure 6](#f0030){ref-type="fig"}*B*) and AUC = 0.83 ([Figure 6](#f0030){ref-type="fig"}*C*). However, 58% of primary tumors were misclassified, compared to 20% when the cutaneous stromal-enriched miRNAs were included in feature selection. Most apparent positive performance of the classifier was due to the skewing of the dataset towards metastatic tumors, such that a model that predicts all tumors as metastatic could still achieve more than 75% accuracy. As expected, based on the poor classification of primary tumors, hierarchical clustering using the 16 selected features resulted in no separation of primary and metastatic groups ([Figure 6](#f0030){ref-type="fig"}*D*). Further optimizing feature selection would improve classification; however, these findings demonstrate that the strongest discriminating features in the SKCM tumor miRNA expression profiles were those derived from epithelial stromal cells enriched at the cutaneous tissue site. Overall, this work highlights the challenges of interpreting tissue-level miRNA expression patterns between primary and metastatic tumors, where it is necessary to decode tumor-intrinsic changes in miRNA expression from those arising due to diversity in stromal cell populations ([Figure 6](#f0030){ref-type="fig"}*E*).Table 6Expression of candidate metastasis-suppressor miRNA in melanoma and cutaneous stromal cell-types (% total miRNA reads)Table 6miRNAKeratinocytes^a^ (n=3)Keratinocytes^b^ (n=5)Sebocytes^b^ (n=3)Melanoma cells^c^ (n=57)Melanoma cells^b^ (n=2)Melanocytes^b^ (n=5)mir-1412.79 ± 1.750.52 ± 0.040.31 ± 0.130.01 ± 0.010.01 ± 0.010.00 ± 0.00mir-200a0.21 ± 0.200.08 ± 0.080.04 ± 0.020.01 ± 0.010.00 ± 0.000.00 ± 0.00mir-200b1.45 ± 0.200.93 ± 0.190.36 ± 0.060.04 ± 0.130.00 ± 0.000.00 ± 0.00mir-200c3.27 ± 0.350.43 ± 0.100.29 ± 0.120.01 ± 0.010.00 ± 0.000.00 ± 0.00mir-2033.64 ± 1.420.43 ± 0.440.76 ± 0.410.02 ± 0.040.00 ± 0.000.00 ± 0.00mir-2050.78 ± 0.538.97 ± 1.827.29 ± 4.000.01 ± 0.020.00 ± 0.000.00 ± 0.00miR-2110.00 ± 0.000.00 ± 0.000.00 ± 0.000.61 ± 0.630.00 ± 0.001.55 ± 0.88[^4]Figure 6**miRNA-based classification of primary and metastatic melanoma tumors depends largely on miRNA highly expressed in the primary tumor stroma.** (**A**) Top 20% of miRNA features selected with the highest frequency after removal of putative keratinocyte-derived miRNA. The y-axis shows the number of feature subsets a miRNA appeared in, out of a possible 50. (**B**) Confusion matrices for the Medium Gaussian SVM classifier constructed using the miRNA identified in the top 20% of feature selection. (**C**) ROC curve for the same SVM classification model. (**D**) Hierarchical clustering of all primary and metastatic samples using the 16 miRNA identified in the top 20% of selected features. All parameters the same as previously stated. (**E**) Schematic showing how differences in stromal cell composition between primary and metastatic tissue sites are reflected in tissue-level miRNA expression. Differences in miRNA expression between primary and metastatic tumors will reflect both tumor cell-intrinsic changes, as well as changes in cell-type enriched miRNA that are dependent on stromal cell populations. Primary cutaneous melanoma tumors share the property of all being situated in the skin, while metastatic tumors can have a diverse set of stromal contexts. For this reason, candidate "metastasis-suppressor" miRNA with large apparent negative fold changes between primary and metastatic sites should be investigated for cell-type enriched expression patterns.Figure 6Table 7The top 20% of miRNA identified during feature selection to classify primary and metastatic tumors after filtering of cutaneous stromal-enriched miRNATable 7Identified by differential expression and feature selectionIdentified by feature selectionmiRNALog2 fold-changemiRNALog2 fold-changemir-202-1.34mir-520h0.80mir-218-20.60miR-5250.46mir-29c0.79let-7a-10.07mir-452-0.76mir-1970.27mir-2151.15mir-4980.58mir-223-0.69mir-146b0.13mir-5050.43mir-518a-10.84mir-378c0.59mir-6751.53

Discussion {#s0110}
==========

Despite recent advancements in targeted therapies to treat cutaneous melanoma, resistance is common, and survival is remains poor for patients with metastatic disease \[[@bb0020],[@bb0025]\]. In the current study, differential expression analysis and sequential feature selection using classification algorithms identified candidate metastasis-suppressor miRNA in the TCGA-SKCM cohort. However, expression of the most highly downregulated miRNA between primary and metastatic tumors (miR-205, miR-203, and the miR-200 family) were found to be specifically associated with enrichments of cutaneous epithelial cell signatures, including keratinocytes and sebocytes, in the primary tumors. Subsequent comparisons in cell lines revealed that the presence of cutaneous epithelial cell-types likely accounted for the large apparent differences in a number of candidate metastasis-suppressor miRNA downregulated between primary and metastatic tumor tissues. Filtering of cutaneous stromal-enriched miRNA greatly reduced the performance of classification models, suggesting a major role for stromal-derived, rather than tumor cell-intrinsic miRNA expression in discriminating primary from metastatic melanoma tumors. This study demonstrates the importance of considering tissue source and composition when identifying putative metastasis-suppressor miRNA in tissue samples, and supports validation of cell-type-specific miRNA expression patterns to ensure that physiologically relevant models of melanoma progression will be created and studied in the future.

Some of the most highly studied metastasis-suppressor miRNA in melanoma include miR-205, miR-203, and the miR-200 family (made up of miR-200a/miR-200b and miR-200c/miR-141), with numerous reports of downregulation in metastatic tumors, and tumor and metastasis-suppressive functions \[[@bb0050],[@bb0055],[@bb0160],[@bb0170],[@bb0180],[@bb0195],[@bb0260]\]. These studies have relied on both conventional differential expression, as well as supervised machine learning algorithms to identify miRNA of interest from tumor tissue expression profiles \[[@bb0055],[@bb0160],[@bb0170],[@bb0180],[@bb0195],[@bb0260]\]. However, studies that have incorporated miRNA expression profiling of melanoma cell lines have consistently identified a different subset of miRNAs associated with tumor- and invasion/metastasis-suppressive functions, including miR-211, and miR-204 \[[@bb0085],[@bb0245],[@bb0265]\]. This disconnect suggests that melanoma cell models may be poorly representative of tumor miRNA expression patterns, or that identification of candidate metastasis-suppressor miRNA from tissue-level data is influenced by cellular composition. After finding miRNA highly downregulated between primary and metastatic melanoma tumors to be undetectable in nearly all 131 melanoma cell lines examined here, we propose that stromal cell composition differences between primary and metastatic tumors dominate the tissue-level miRNA expression profiles, and is under reported.

When heterogeneous tissue samples are homogenized to extract RNA, critical spatial information is lost. Without prior knowledge of miRNA expression patterns at a cellular level, it becomes exceedingly difficult to determine the source of miRNA signals. For example, miR-143/145 are highly studied as tumor suppressors in colorectal cancer due to differential expression in tumor tissues, but were eventually shown to be highly expressed in tumor-adjacent fibroblasts and smooth muscle cells, and not in cancer cells \[[@bb0270]\]. In addition, tumors possess many properties that can further confound this issue. Due to altered vasculature, miRNAs that are highly expressed in endothelial cells and erythrocytes (miR-126, miR-144, miR-451a, and miR-486) are often identified as differentially expressed in solid tumors, and assigned tumor-intrinsic functions \[[@bb0275], [@bb0280], [@bb0285], [@bb0290]\]. Similarly, changes in tissue composition can occur with the recruitment of immune cells to tumors, leading to enrichment of immune cell miRNA signatures \[[@bb0290]\]. Keratinocytes make up approximately 90% of the cells in the epidermal layer \[[@bb0295]\]. Considering that all primary cutaneous melanoma tumors are situated in the skin, while metastatic tumors are derived from a diverse set of organs and tissues, it is logical that the most highly and consistently downregulated miRNA between primary and metastatic tumor tissue samples could arise from differences in stromal tissue composition.

The roles of miR-205, miR-203, and the miR-200 family have been well-documented in epithelial cells. The miR-200 family and miR-205 are known to suppress EMT by enhancing expression of E-cadherin through targeting of transcription factors ZEB1 and ZEB2, maintaining epithelial differentiation \[[@bb0235],[@bb0300],[@bb0305]\]. In addition, miR-203 and miR-200 members play a critical role in the terminal differentiation of keratinocytes \[[@bb0220],[@bb0305]\]. Indeed, both miR-205 and miR-203 are prognostic markers in cutaneous squamous cell carcinomas \[[@bb0225]\], arising from keratinocytes \[[@bb0100]\]. In melanocytes, derived from the neural crest, the transcription factor MITF drives differentiation \[[@bb0250],[@bb0255]\]. In the context of melanoma, low MITF expression is associated with invasion, loss of expression of epithelial genes, and increased phenotypic plasticity \[[@bb0065]\]. Melanoma cells are known to undergo an EMT-like process where epithelial markers and cell contacts are lost \[[@bb0380]\]. However, this process has been found to differ from the classical EMT paradigm established in epithelial cancers, whereby loss of MITF and miR-211 expression occurs with a switch from ZEB2 and SNAI2, to ZEB1 and TWIST1 \[[@bb0310]\]. Here, we found that miR-211 was downregulated in metastatic tumors, and was highly positively correlated with MITF, ZEB2, and SNAI2 in tumors and melanoma cell lines, providing further confirmation of its established role as a tumor and metastasis-suppressor \[[@bb0055],[@bb0085],[@bb0245],[@bb0265]\]. However, given the lack of expression in cell lines, and limited association with markers of EMT and melanocyte differentiation, the role of epithelial-enriched miRNA like miR-205, miR-203, and the miR-200 family in melanoma requires further clarification.

In light of the poor of expression of miR-205, miR-203, and the miR-200 family in melanoma cell lines and normal melanocytes reported here, many of the models used to functionally characterize these miRNA in melanoma cell lines may represent systems of ectopic, rather than rescue of expression. In cases where there is a "down" phenotypic readout, for example, a decrease in cell invasion or reduced viability, results should be interpreted carefully. Such "down" readouts are vulnerable to off-target or non-specific effects on cellular fitness, as there are typically more ways to disrupt a complex phenotype than there are to enhance it \[[@bb0315]\]. Further to this, phenotypic and molecular changes documented with the use of miRNA inhibitors against miRNA not expressed in melanoma cell lines should be revisited by verifying endogenous expression levels and potential off target effects.

Although the miRNA expression patterns we report here for a large number of melanoma cell lines strongly implicates stromal composition as the major source of differential miRNA expression between primary and metastatic tumor tissues, a biological role for stromal-enriched miRNA in melanoma metastasis should not be immediately discounted. Melanocytes and keratinocytes are known to interact, and changes in these interactions have been linked to melanoma tumorigenesis and metastasis \[[@bb0320],[@bb0325]\]. Furthermore, exosomes released from keratinocytes can modulate melanocyte function, and contain miRNA such as miR-200a and miR-203 \[[@bb0330]\]. It is also well established that cell lines do not always reflect the tumor biology \[[@bb0335]\], allowing the possibility that expression of miRNA such as miR-205, miR-203, and the miR-200 family are acquired in tumor progression through a mechanism that is not recapitulated in cultured cell models. However, the likelihood of this scenario must be weighed against one where expression of miRNA detected in homogenized tissue samples arises from other cell types that could be present in that tissue. Further investigation using miRNA fluorescent *in situ* hybridization (FISH) to assess the spatial expression patterns within fixed melanoma tumor sections can help define the source of miRNA expression \[[@bb0340]\]. Finally, recent advances in single-cell RNA-seq methods can allow population studies of cell types and miRNAs within melanoma tumors at different stages, and collected from different tissue sites with less confounding effects \[[@bb0345]\].

Our findings show that identification of metastasis-associated miRNA in melanoma tumors may be more challenging than currently appreciated. Although 80% of primary tumors were correctly classified before filtering of cutaneous stromal-enriched miRNA, this was reduced to 42% when these miRNAs were removed from the feature set, suggesting that changes in tumor-intrinsic miRNA expression upon metastasis are likely subtle and variable. This difficulty in separating classes was in part due to primary tumors being underrepresented in the cohort, making up only 21% of samples. Melanoma has often metastasized prior to diagnosis \[[@bb0350]\], and when primary tumors are resected, they are often too small to contribute materials to molecular analyses beyond diagnosis \[[@bb0355]\]. For these reasons, the primary samples included in the TCGA SKCM cohort may be advanced tumors with little differences to metastatic samples. As such, analyses focused on comparing primary and metastatic tumors may not provide the insights expected from a dataset of this size. In the future, survival-based comparisons could produce clinically relevant findings, and efforts to study longitudinal samples for individual patients should be prioritized to define metastasis-associated miRNAs.

Apart from stromal-enriched miRNA, dysregulation of large miRNA gene clusters may be a hallmark of the melanoma miRNA landscape. Expression of the miR-506/514 cluster has been reported in melanoma \[[@bb0155]\]. However, our identification of C19MC activation in melanoma is novel. Aberrant C19MC expression has been reported in several cancers, and these miRNA have immune-modulatory effects potentially relevant to melanoma \[[@bb0150],[@bb0360]\]. However, little is known about how C19MC expression is acquired, or the functional consequence this has in tumors. Given the growing number of reports in other cancer types \[[@bb0365], [@bb0370], [@bb0375]\], further investigation into the role of C19MC in melanoma is highly warranted.

In conclusion, this work has demonstrated that many of the most highly studied metastasis-suppressor miRNAs in melanoma are derived from cutaneous stromal sources that differ between primary and metastatic tumor samples. These findings draw attention to the vulnerability of both differential expression analyses and supervised classification algorithms to spurious identification of metastasis-suppressor miRNA when consideration is not given to the cellular composition of tissue samples. We recommend that expression of candidate metastasis-suppressor miRNA be verified in appropriate cell lines to confirm tumor cell-intrinsic expression patterns, or that studies of relevant stromal mechanisms during tumor progression be included in experimental models. Currently, these expression validations can be labor-intensive, limited by data availability, and involve heuristic methods. Going forward, coordinated efforts to aggregate cell- and tissue-level miRNA sequencing, and the development of software tools to make this information widely accessible will be invaluable to improve the relevance and reproducibility of miRNA studies.
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